Conventional guinea pigs provided with a solution of 5% (wt/vol) degraded carrageenan as the sole source of oral fluids developed ulcerations of their ceca and large intestines within 30 days. Similar lesions were not detected in germfree guinea pigs treated in an identical manner, suggesting that an intestinal microflora was necessary for development of intestinal lesions. To simplify the bacterial flora required for production of cecal ulcerations, 10 pools consisting of 10 bacterial strains each were isolated from the cecal microflora of carrageenan-treated animals. Groups of germfree guinea pigs were associated with 2 of the 10 pools by orogastric intubation and observed for development of disease. One-half of each group was treated with carrageenan. The two bacterial pools were characterized by the presence of cytopathic effects for WI-38 and Vero cells, increased chemotactic activity, and increased concentrations of long-chain fatty acids. The results indicated that animals associated with these two pools developed cecal ulcerations during carrageenan treatment. Preliminary results also indicated that cecal ulcerations developed in germfree animals mono-associated with a strain of Bacteroides vulgatus isolated from one of the pools, regardless of whether carrageenan was administered, suggesting a bacterial involvement in disease development in the absence of carrageenan treatment.
Ulcerative colitis is a serious gastrointestinal disease which is associated with significant morbidity and mortality (4, 11) . Because of the proximity of the ulcerative lesions caused by this disease to the enormous bacterial population of the intestinal lumen, involvement of bacteria in the disease process has remained an appealing theory. However, previous studies with human patients have failed to identify a specific bacterial pathogen or group of bacteria associated with the disease process. More importantly, antimicrobial agents are only sporadically successful in treating this disease, as observed in humans. One of the problems in studying this disease in humans has been the inability to define a population at risk which would allow prospective study of the disease as it develops. In recent years, an animal model which simulates human ulcerative colitis histologically has been used in an attempt to define the role of bacteria in experimentally induced ulcerative colitis (7, 8) .
Watt and Marcus have reported that guinea pigs fed a 5% (wt/vol) solution of carrageenan uniformly developed ulcerations of the cecum and large intestine within 30 days (15, 16) . Histologically, the lesions observed in guinea pigs were similar in many respects to the ulcerative colitis lesions characterized in human patients. The inducing agent used in this model was a sulfated polysaccharide which was obtained by aqueous extraction of red seaweeds, such as Eucheuma spinosum and Chondrus crispus, and was depolymerized by mild acetolosis (molecular weight, 30,000). The degraded carrageenan was more soluble in water than the native extract, yet retained the sulfate content and polyanionic properties of the original compound.
The guinea pig model for ulcerative colitis has been used in this laboratory in an effort to characterize the contribution of the intestinal microflora to the disease process. Previous studies have shown that guinea pigs fed degraded carrageenan develop cecal ulcerations within 21 to 30 days after carrageenan treatment is begun (7) . On the other hand, germfree guinea pigs fed carrageenan for 6 months or more do not develop any intestinal lesions. In addition, concurrent treatinent of conventional guinea pigs with metronidazole and carrageenan prevents the development of intestinal ulcerations (8) . These data suggest that bacteria are a requirement for ulcer development in this animal model. The present report summarizes attempts to simplify the microflora required for ulceration and identifies several factors which are consistently present during experimentally induced ulcerative colitis.
MATERIALS AND METHODS Animals. Male Hartley strain guinea pigs weighing 250 to 300 g (Charles River Breeding Laboratories, Inc., Wilmington, Mass.) were used for all experiments in which conventional guinea pigs were used. These animals were originally derived by caesarian section and were barrier sustained before shipment. Animals were housed five per cage and received a vitamin Cenriched autoclaved guinea pig diet (Agway) and water ad libitum. Germfree guinea pigs were derived by caesarian section from Hartley strain parents and placed into germfree isolators by Charles River Breeding Laboratories. Animals were maintained on a synthetic milk formula and delivered to our laboratory within 36 h after birth. Germfree animals were maintained in Trexlar plastic isolators and received a diet of synthetic milk formula and sterile chow (Agway) ad libitum. Each animal received a supplement of vitamin C and thiamine daily. Germfree guinea pigs were fed by hand for the first 2 to 3 days, until there was evidence that each animal would consume food and fluids by itself. After 21 days, the amount of milk formula was decreased gradually, until the animals were receiving only chow, water, and vitamin supplements.
Bacteriological sterility was tested by swabbing the fur, feet, anus, mouth, and ears of randomly selected animals and placing the swabs into prereduced chopped meat glucose broth (Scott Laboratories, Fiskeville, R.I.) and Trypticase soy broth. After incubation for 48 h at 370C, the contents of the broth tubes were subcultured onto Brucella base blood agar incubated anaerobically and onto Trypticase soy blood agar incubated aerobically. Failure of plates and tubes to show growth after incubation was interpreted as bacteriological sterility.
Isolation of bacterial pools. Male Hartley strain guinea pigs weighing approximately 250 g were given a 5% (wt/vol) solution of degraded carrageenan for 30 days as the sole source of fluids. These animals were sacrificed with C02, and their ceca were excised and placed in an anerobic chamber. The cecal contents were pooled, and seral 10-fold dilutions were made to achieve dilutions of 10-2, 10-3, 10-4, 10-5, 10-6, 10-7, 10-8, and 10'. Portions (0.1 ml) of each dilution were plated onto the following media for recovery of anaerobic and facultative microorganisms: Brucella base blood agar supplemented with hemin and vitamin K1 was used for the isolation of anaerobic bacteria; Brucella base blood agar containing 100 jg of neomycin per ml was used for the isolation of gram-positive anaerobes; and laked blood containing 7.5 jig of vancomycin per ml and 75 Mg of kanamycin per ml was used for the isolation of gram-negative anaerobes. In addition, Lactobacillus selective agar was used for the isolation of Lactobacillus species, Trypticase soy blood agar was used for the isolation of facultative species, MacConkey agar was used for the isolation of Enterobacteriaceae, Pfuer selective Enterococcus agar was used for the isolation of group D streptococci, and chocolate agar was used for the isolation of fastidious facultative species. The various media were incubated according to established procedures, and colony types were enumerated after incubation (2, 5, 12 ).
Representative strains from each different medium were isolated and subcultured for purity, and each strain was assigned an isolate number. Approximately 100 isolates were obtained, and these included both facultative and obligately anaerobic isolates. Pools of 10 strains each were formed by randomly assigning 10 isolates to each pool. The pools were then grown in brain heart infusion broth supplemented with hemin and vitamin K, for 5 days, checked by culture and Gram straining for the presence of the various strains, and frozen at -70°C for further use. Each pool was also tested for cytotoxicity, long-chain fatty acid (LCFA) concentration, and chemotactic activity before use (see below).
Association of germfree guinea pigs. Germfree Hartley strain guinea pigs (derived by caesarian section by Charles River Breeding Laboratories) were associated with bacteria when they were approximately 10 days old. Each animal was associated with one of the bacterial pools by administration of 0.5 ml of the bacterial pool or with individual isolates from these pools by orogastric intubation. Animals were observed daily for any gross evidence of disease. Quantitative bacteriology was performed by utilizing fresh fecal pellets for recovery of the organism(s) with which the animals were associated. Quantitative bacteriological analyses were performed as described previously (7).
Carrageenan treatment. A 5% (wt/vol) solution of degraded carrageenan in distilled water was sterilized by standard steam sterilization of 1210C and 15 lb/in2 for 35 min. This solution was introduced into each germfree isolator and was administered ad libitum by water bottle. This solution was also administered to conventional animals by using sterilized bottles which were changed daily to prevent gross bacterial contamination of the solution.
Histological evaluation. Animals with suspected ulcerations and animals found moribund were sacrificed with C02. The gastrointestinal tract of each animal was observed under xlO magnification for gross evidence of ulcerations. Tissues from five different levels of the intestinal tract (duodenum, jejunum, ileum, cecum, and colon) were fixed in 10% neutral buffered Formalin (pH 7.2), processed by standard procedures, and stained with hemotoxylin and eosin. The histological criteria for ulcerative disease included polymorphonuclear leukocyte infiltration of the mucosal epithelium, epithelial thinning, destruction of crypts, crypt abscesses, edema, and obvious ulceration.
Cytotoxicity assay. Stool specimens, cecal contents, and bacterial cultures were centrifuged at 3,500 rpm for 20 min. Viscous specimens were first diluted 1:2 with sterile glass-distilled water. After centrifugation, each supernatant was filtered through a 0.45-,um membrane filter (Millipore Corp., Bedford, Mass. Gas-liquid chromatography. After extraction of samples, chloroform was removed by evaporation under nitrogen, and the residue was methylated with 14% boron trifluoride in methanol. A known quantity of C170 was added to each sample before methylation to serve as an internal standard. Methyl esters of the LCFA containing the internal standard were extracted with hexane and chromatographed on 3% OV101 by using a glass column (4 m by 3 mm) at a temperature of 1800C and flow rate of 60 ml/min. LCFA from C12 to C20 were identified based on their relative retention times and were quantitated by using the two-point method and a Shimadzu RIA digital integrator.
Experimental design. Groups of conventional and germfree guinea pigs were sacrificed sequentially during carrageenan administration, and cecal contents and intestinal tissues were removed for histological and bacteriological evaluations. Additional groups of germfree guinea pigs were associated with either pools of bacteria isolated from conventional animals with cecal ulcerations or individual isolates from these pools and observed for 14 days, and then one-half of each group was given 5% (wt/vol) degraded carrageenan for 30 days. After carrageenan administration, all surviving animals were sacrificed, and intestinal tissues and cecal contents were removed for further evaluation.
As a control for the pools of organisms obtained from animals with ulcerative colitis, a group of germfree guinea pigs were associated with a pool of eight organisim that was originally derived from mice (10) and has been used previously to stabilize intestinal microflora after caesarian derivation.
RESULTS
Carrageenan treatment of conventional and germfree animals. Groups of conventional and germfree guinea pigs were treated with 5% (wt/vol) carrageenan as the sole source of oral fluids and were sacrificed periodically in order to detect gross and microscopic alterations in the cecum and large intestine. Untreated germfree and untreated conventional animals were sacrificed as controls for histological evaluations. Table 1 shows that of 142 conventional animals given carrageenan and sacrificed 21 or more days after carrageenan treatment was started, all had gross and microscopic evidence of disease. None of the 10 untreated conventional guinea pigs had any evidence of ulcerative lesions at necropsy, nor were histological abnormalities of the cecum and large intestine observed. Germfree animals given 5% (wt/vol) carrageenan for comparable periods of time also did not develop cecal ulcerations, nor were histological changes detected. Together with earlier findings (8) showing that an antimicrobial agent, metranidozole, could prevent cecal ulceration in conventional animals, these data suggested that an intestinal bacterial flora was required for the development of experimentally induced ulcerative colitis.
Simplification of the intestinal microflora necessary for carrageenan-induced colitis. Germfree guinea pigs were associated either with pools of bacteria isolated from the cecal contents obtained from conventional guinea pigs with ulcerative colitis or with a pool of bacteria used to stabilize gnotobiotic aniimals (10) . Guinea pigs were associated with 2 of the 10 pools (pools 6 and 9) of bacteria obtained from conventional guinea pigs with carrageenaninduced ulcerative colitis. These animals developed both gross and microscopic evidence of colitis within 21 days after carrageenan treatment was initiated ( b Number positive/number tested. guinea pigs with experimental ulcerative colitis developed the experimental disease despite the simplification of the intestinal microflora.
An additional group of guinea pigs were associated with a single bacterial species common to both pool 6 and pool 9, namely, Bacteroides vulgatus. All 12 animals associated with this isolate developed cecal ulcerations. Interestingly, 10 of 12 animals showed evidence of intestinal disease characterized by bloody diarrhea, weight loss, and lethargy before administration of carrageenan, which started 20 days after association. Necropsy of five of these animals before carrageenan treatment revealed cecal ulcerations in all five animals. After carrageenan treatment, all surviving animals showed both gross and microscopic evidence of intestinal disease. These Table 3 shows that each factor was elevated in the experimental groups showing evidence of cecal ulceration. In conventional guinea pigs given 5% (wt/vol) carrageenan, a cytotoxic substance was detected in the cecal contents of all animals at a mean dilution of 102, whereas the cecal contents from gnotobiotic guinea pigs associated with pool 6 or with B. vulgatus TUSVM 40G2-33 gave a mean positive response at a dilution of 10-3 4 or greater. The cytotoxic response in Vero or WI-38 cells detected from the cecal contents of these animals could not be neutralized with antiserum to Clostridium difficile or Clostridium sordellii or with polyvalent gas gangrene antiserum. The cecal contents from conventional and gnotobiotic guinea pigs associated with a microflora that did not produce ulcerative colitis were negative when tested for cytotoxic substances.
The chemotactic activity of the cecal contents after extraction was evaluated for each group. A comparison of chemotactic activities based on equal amounts of sample after extraction (Table  4) indicated that the cecal content extracts from carrageenan-treated conventional animals, gnotobiotic animals associated with pool 6, and gnotobiotic animals associated with B. vulgatus TUSVM 40G2-33 had increased chemotactic activities compared with the cecal content extracts from germfree and conventional control animals.
A comparison of LCFA profiles (Fig. 1) revealed that the germfree and conventional guinea pig cecal contents contained relatively small amounts of LCFA, primarily in the C16 and C18 region. On the other hand, the cecal contents from carrageenan-treated conventional and gnotobiotic guinea pigs and B. vulgatus-associated animals contained higher total concentrations of LCFA than the cecal contents from animals without ulcerative lesions.
DISCUSSION
Previous experiments have shown that development of ulcerative lesions in the ceca of conventional guinea pigs given 5% (wt/vol) degraded carrageenan can be prevented when metronidozale is administered orally (8) . This observation suggests that bacteria, possibly obligate anaerobes, are a necessary component for the development of experimental ulcerative colitis. The data presented here indicate that an intestinal microflora is required for ulceration to occur. In experimental animals an artificial intestinal microflora derived from mice (10) cannot provoke cecal ulceration despite treatment of gnotobiotic animals with carrageenan for 30 days or more. This observation suggests that certain microorganisms present in the guinea pig cecal microflora but not in the mouse-derived microflora are required for ulceration. active intestinal irritants or merely serve as markers of disease is unknown.
Although there are many questions about experimental ulcerative colitis which remain unanswered, the demonstration of factors found during ulcerative disease which are common to both cecal contents from the animal model and human stools suggests that continued research is important. The observation that a single bacterial strain, B. vulgatus TUSVM 40G2-33, can cause ulcerative disease in animals provides an organism on which future studies may be focused. The prevelance of this presumably benign species as a member of the human intestinal microflora suggests that strain-specific factors or acquired virulence may be important in the development of disease. Recent reports (3) Although these data suggest an association between B. vulgatus and the experimental disease process, other bacterial species have been implicated in the past as the etiological agent of ulcerative colitis (4, 14) . Continued research into the relationship between host and intestinal microflora will be required to gain a real understanding of the ulcerative process and the possible role of bacteria in this process.
